a9y United States
12y Patent Application Publication o) Pub. No.: US 2009/0150624 A1

US 20090150624A1

peripheral
device(s)
270

Resnick 43) Pub. Date: Jun. 11, 2009
(54) SYSTEM, APPARATUS, AND METHOD FOR (52) US.CL ..., 711/155;711/E12.001
MODIFYING THE ORDER OF MEMORY
ACCESSESES
_ (57) ABSTRACT
(75) Inventor: David R. Resnick, Boise, ID (US)
Systems and methods for controlling memory access opera-
Correspondence Address: tion are disclosed. The system may include one or more
TRASK BRITT, P.C./ MICRON TECHNOLOGY requestors performing requests to memory devices. Within a
P.O. BOX 2550 memory controller, a request queue receives requests from a
SALT LAKE CITY, UT 84110 (US) requestor, a bank decoder determines a destination bank, and
the request 1s placed 1n an appropriate bank queue. An order-
(73) Assignee: MICRON TECHNOLOGY, INC.,, ing unit determines 1 the current request can be reordered
Boise, ID (US) relative to the received order and generates a new memory
cycle order based on the reordering determination. The reor-
(21)  Appl. No.: 11/940,745 dering may be based on whether there are multiple requests to
_ the same memory page, multiple reads, or multiple writes. A
(22)  Filed: Nov. 15, 2007 memory interface executes each memory request in the
L _ _ memory cycle order. A data buifer holds write data until 1t 1s
Publication Classification written to the memory and read data until it 1s returned to the
(51) Int.Cl. requestor. The data buffer also may hold memory words used
GO6F 12/00 (2006.01) in read-modify-write operations.
4 — 200
230
R W |
| _ |
| special | |
l PpUrpose E l
requestor(s)
| po |
I i Memory | |
l convolle .
| processor(s | |
| 210 | :
| :
| : l |
| graphics | f
| processor(s) ‘ t
| i j
L e e e | |
|
I
I
|
|
I

mipilipits ol e Y D G i ekl mleees bR TS R ) SRR LR



US 2009/0150624 A1l

Jun. 11, 2009 Sheet 1 of 5

Patent Application Publication

(Sleanop
jeraydisod

iT44

_

| (sliossasoud
_ saiyde.h
| L
|

08f snqg E&Ems,
g8 snq Aoul

0IZ

m (s)iossoaosd

IB[ONU0D

Arowap | !
| 44
| (s)+0159nba.
| (o | asodind
.ﬂ _ jerads

G&¢e |

-——— -

pLe




US 2009/0150624 A1l

Jun. 11, 2009 Sheet 2 of 5

Patent Application Publication

¢ 9Old

ISIOU0D
aouenbesg

FPL
3N MNY

OFL un Buprepig

v ananb yueg

gif

JeHouod
Bupim

L-0f1
[ enonb yuey ejep
| SHLiA pue
oci B
SSalppYy 100038 | oLl A sanpnal
PUE {0UOD 0-0t1 %tmﬂb snanb jsanbs)y ] AJOWOW
frowow O enanb yueg 701 h Mm
m
oy w m
082 i :
'
e 779 ¥
Aiowrapy Jayng peos _ . EIER
S IAA — % ﬁmﬁm
Lue pea
pue peoy GLL 0T (s)1eynqg erep 0L

00k



300
302 -

New request

Move to appropriate 304

barnk gueie

306 308

Redefine memory cycle
order to have new
request follow the

matched pending request

New request
to same page and ~6$

type as a pending '
request?

Mark the matched
pending request as
open-page

Redefine memory cycle

No c!c:: n:ﬂrae Eg;iﬁdi ng Yes order to have new
request of the same request follow pending

request of same type, but
without shuffling within
the same type group

type?

Patent Application Publication  Jun. 11, 2009 Sheet 3 of 5 US 2009/0150624 Al

310

311

314



Patent Application Publication  Jun. 11, 2009 Sheet 4 of 5 US 2009/0150624 Al

49&\

401

&freve next memaory
cycie from appropriate
bank queue

Update |
bank
number

hank and not

Yes Yeg
408 458
Yes
Bank open? Bank open? Yes
No 410 46¢
Activate Bank Activate Bank

412 46
Yes N

Bank
to remain
open?

No

Read then
precharge

Yes

I~ 7 ™ Wait

“ Space in ~ No
Jead buffer? -
- ~
“ Yes

<

420 470

Jone reading
OF RO more reads

ready?

Done writing
or no more wrifes
ready?

No

480~ |
; Swap S
- Read and Write |

FIG. 4



Patent Application Publication Jun. 11, 2009 Sheet 5 of 5 US 2009/0150624 Al

/Eﬂﬁ

502

Move (o aproprf‘ata
bank queue

506

204

New request
a RMW request

508 510

Read data word

word for RMW
request in data

512

Return data word fo
requestor

214

the data word

“Perform memory write 216
for data word of RMW
reqguest

RMW data
word marked for
retenfion? 7

Modify RMW portion of

920

Clear data buffer
enfry |

Yes

FIG. 5



US 2009/0150624 Al

SYSTEM, APPARATUS, AND METHOD FOR
MODIFYING THE ORDER OF MEMORY
ACCESSESES

TECHNICAL FIELD

[0001] Embodiments relate to computer systems and, more
particularly, to operational methods of memory controllers to
Increase memory access efliciency.

BACKGROUND

[0002] In most computer and data processing systems, the
main active memory, which i1s typically random access
memory (RAM), 1s a dynamic random access memory
(DRAM). The structure of a DRAM 1s generally composed of
a number of memory cells organized into banks. Each bank
corresponds to an array of the memory cells with each cell
being respectively associated with a digit of data (e.g., a bit)
at a memory address. In particular, memory addresses within
a bank are each designated by a row address and a column
address, wherein each row address addresses a memory page.
Each page of memory, therefore, contains several memory
locations corresponding to the different column designations
within the page.

[0003] When performing a series of access requests, a page
request may occur to a bank currently having another page
open, which 1s commonly referred to as a “page contlict,”
whereupon the previously opened page must first be closed
(e.g., pre-charged). After closing the previous page, the
requested page may then be opened (e.g., activated) and then
the read or write operation to the requested page may be
performed. A “page miss” occurs 1f the currently requested
page 1s Tound 1n a bank which has no page open, thus requir-
ing an activation procedure to be performed. A “page hit” 1s
said to occur when a current memory access request 1s for a
page which 1s already open from a previous memory access
request.

[0004] Due to the extra processing which must be per-
formed for page conflict and page miss memory accesses
relative to page hit requests, the time needed to perform the
former two processes 1s significantly greater than for the
latter. In early stages of microprocessor technology develop-
ment, requests to access a DRAM memory page, for both read
and write operations, were recerved and fulfilled on a first 1n,
first out basis. Such processing may be inetficient, resulting 1n
a large number of page misses and contlicts, and thus requir-
ing an extensive dedication of processor and/or memory con-
troller resources to pre-charging and activating memory
pages.

[0005] More recently, more advanced processing methods
have been developed in which memory access i1s based on
priority. The priority of the access request may be based on
various factors such as the type of device sending he request,
the type of access requested, the memory address desired to
be accessed by the request, etc. The problem with providing,
memory access strictly on priority, however, 1s that low pri-
ority requests may be denmied access for unacceptably long
periods of time.

[0006] Furthermore, the number of microprocessors 1n a
system, the number of cores 1n a microprocessor, and the
number of process threads per core are increasing greatly in
the near term and are expected to continue to increase over the
next few years. Systems with hundreds to thousands of execu-
tion threads may be envisioned. These systems are often
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designed such that multiple processor chips access a common
memory. These multiples sources requesting access to a com-
mon memory place additional pressure on the memory.
[0007] One of the effects of the increase of the number of
cores and threads will be requirements for greatly increased
memory bandwidth, with a major side-effect that the address
request stream seen by the memory system will be more
random because of the increased number of actually indepen-
dent or seemingly independent program execution sequences.
Increases 1n the size of level 1 and level 2 caches, which 1s
how total memory bandwidth and latency 1ssues have been
addressed 1n the past by most system implementations, may
be less effective and have less opportunity for growth because
ol the increased number of cores and limits on reasonable die
s1ze. Furthermore, an increase in the number of threads being
executed 1n each core will likely reduce average cache hit
rates, again resulting in increasing memory tratfic.

[0008] In current DRAM technology, the time to cycle a
memory bank—activate the bank, read or write the requested
data, and recharge the bank—is much longer than the data
movement time. This long cycle time means that 1f two
requests are close in time but are for the same memory bank
the memory input/output (I10) pins become 1dle for a period of
time waiting for the first bank cycle to complete so the second
bank cycle can be started. As DRAMSs generally have multiple
banks that can be cycled independently, this bank timing
conilict wastes available memory bandwidth.

[0009] With such disparate memory request sources, there
1s a need for apparatuses and methods to generate improved
memory performance 1n a system environment ol multiple
threads and multiple processors.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] In the drawings, which illustrate embodiments of
the imnvention:
[0011] FIG. 1 1s a simplified system block diagram of a

processing system;

[0012] FIG. 2 1s a simplified block diagram of a memory
controller;
[0013] FIG. 3 1s a simplified flow diagram illustrating a

process lor reordering memory requests;
[0014] FIG. 4 1s a simplified flow diagram illustrating a
process for performing reordered memory requests; and

[0015] FIG. 5 1s a simplified flow diagram illustrating a
process for performing memory access requests for read-
modily-write operations.

DETAILED DESCRIPTION

[0016] Embodiments disclosed herein include apparatuses
and methods for generating improved memory performance
in a system environment of multiple threads and multiple
Processors.

[0017] In the following detailed description, reference is
made to the accompanying drawings which form a part hereof
and 1n which 1s shown by way of illustration specific embodi-
ments 1n which the invention may be practiced. These
embodiments are described 1n suificient detail to enable those
of ordinary skill in the art to practice the invention, and 1t 1s to
be understood that other embodiments may be utilized, and
that structural, logical, and electrical changes may be made
within the scope of the present mnvention.

[0018] In this description, circuits and functions may be
shown 1n block diagram form in order not to obscure the
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present invention 1n unnecessary detail. Furthermore, specific
circuit 1mplementations shown and described are only
examples and should not be construed as the only way to
implement the present invention unless specified otherwise
herein. Block definitions and partitioning of logic between
various blocks represent a specific implementation. It will be
readily apparent to one of ordinary skill in the art that the
present invention may be practiced by numerous other parti-
tioming solutions. For the most part, details concerning timing,
considerations and the like have been omitted where such
details are not necessary to obtain a complete understanding
ol the present invention and are within the abilities of persons
of ordinary skill in the relevant art.

[0019] For ease of description, embodiments are discussed
below as being used 1n conjunction with dynamic random
access memory (DRAM) devices. Nevertheless, 1t should be
understood that the present invention 1s not limited to appli-
cations mvolving DRAM. Rather, it 1s emphasized that
embodiments of the present invention may be used 1n con-
junction with other types of random access memories, such as
static RAMs (SRAM) and the many different subspecies of
DRAMSs, including, by way of non-limiting examples, fast
page mode DRAM (FPM DRAM), extended data out DRAM
(EDO DRAM), burst EDO DRAM, synchronous DRAM
(SDRAM), double data rate DRAM (DDR2 DRAM and
DDR3 DRAM), Rambus DRAM (RDRAM), efc.

[0020] Some drawings may illustrate signals as a single
signal for clarity of presentation and description. It will be
understood by a person of ordinary skill in the art that the
signal may represent a bus of signals, wherein the bus may
have a variety of bit widths and the present invention may be
implemented on any number of data signals including a single
data signal.

[0021] FIG. 1 1s a simplified system block diagram of a

processing system 200 including a memory controller 100,
according to embodiments of the disclosure. The processing

system 200 may 1nclude one or more processors 210, one or
more graphics processors 220, and one or more special pur-
pose requestors 235 coupled to a request bus 240. By way of
non-limiting example, these special purpose requestors may
include digital signal processors, tloating point processors,
media processors, network managers, and the like. The pro-
cessors 210, graphics processors 220 and special purpose
requestors 235 may be referred to generically herein as
requesters 230. Furthermore, 1n some embodiments, each of
the requesters 230 may include a separate request bus 240
(not shown). The request bus 240 may include elements such
as, for example, control signals, address signals, data signals,
unique 1dentifiers for each requestor 230, and unique 1denti-
fiers for multiple processors, or multiple processing threads
within a requestor 230.

[0022] A bridge unit 250 1s coupled to the request bus 2 (or
multiple request busses). The bridge unit 250 includes a
memory controller 100 and may also include a bus bridge
260. While not shown those of ordinary skill in the art will
recognize that the processing system 200 may include mul-
tiple memory controllers 100 and multiple bus bridges 260. In
addition, the bridge unit 250 may be configured with the
memory controller 100 and the bus bridge 260 as separate
devices or the bridge unit 250 may integrate the memory
controller 100 and the bus bridge 260 1nto a single device. In
addition, the bridge unit 250, or the separate components of
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the memory controller 100 and bus bridge 260, may be 1nte-
grated 1n the same packages or integrated circuits as the
requestor units 230

[0023] The memory controller 100 1s coupled to a memory
subsystem 300 through one or more memory buses 280. Each
memory bus 280 accepts memory components 290 (also
referred to herein as memory cards) which include at least one
memory device 292. The memory components 290 may be
formed as a memory card or amemory module. Non-limiting
examples of memory modules usable 1n the processing sys-
tem 200 include single inline memory modules (SIMMs),
dual imnline memory modules (DIMMs), and Rambus inline
memory modules (RIMMSs). The memory subsystem 300
including various configurations of memory components 290
and memory devices 292 may be referred to herein simply as
memory. Furthermore, the memory components need not be
packaged as a card or module. As a non-limiting example, the
memory components may be mounted on top of a processor
210 or other requester 230, 1n a three dimensional packaging
configuration.

[0024] The bus bridge 260 1s coupled to at least one periph-
eral bus 265. Various devices 270 may be coupled to the
peripheral bus 265. As non-limiting examples, these devices
may include storage controllers, secondary bus bridges, mul-
timedia processors, legacy device interfaces, and miscella-
neous mput/output (I/0) devices, such as keyboards, mice,
and printers. The bus bridge 260, or memory controller 100,
also may be coupled to one or more special purpose high
speed buses. In a personal computer, as a non-limiting
example, the special purpose bus might be an Accelerated
Graphics Port (AGP) bus or Peripheral Component Intercon-
nect Extended (PCI-X) bus, used to couple high performance
video cards or other high bandwidth peripherals to the pro-
cessing system 200.

[0025] Those of ordinary skill in the art will recognize that
the processing system 20 as illustrated 1n FIG. 1 1s only one,
non-limiting example of a processing system with which
embodiments of memory controllers 100 may be used. While
FIG. 1 illustrates a processing architecture especially suitable
for a general purpose computer, such as a personal computer
or a workstation, 1t should be recognized that well known
modifications can be made to conﬁgure the processing, system
200 to become more suitable for use 1n a variety of applica-
tions. For example, many electronic devices which require
processing may be implemented using a simpler architecture
which relies on a processor 210, and a memory controller 100
coupled to memory components 290, directly to memory
devices 292, or combination thereof.

[0026] These electronic devices may include, but are not
limited to, audio/video processors and recorders, gaming
consoles, digital television sets, wired or wireless telephones,
navigation devices (including system based on the global
positioning system (GPS) and/or inertial navigation), and
digital cameras and/or recorders. The modifications may
include, for example, elimination of unnecessary compo-
nents, addition of specialized devices or circuits, and/or inte-
gration ol a plurality of devices.

[0027] FIG. 2 1s a simplified block diagram of the memory

controller 100 according to an embodiment of the disclosure.
The memory controller 100 includes a request queue 110, a
bank decoder 120, bank queues (130-0, 130-1, through 130-
n), an ordering unit 140, a data buifer 150, a memory interface
160, and a timing controller 170. There may be a bank queue
130 associated with each memory bank in the memory sub-
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system 300. However, the bank queues 130 may also be
configured to handle multiple banks.

[0028] Memory requests enter the memory controller 100
on the memory request bus 240 and are recerved 1n the request
queue 110 on a first-1n first-out basis. As stated earlier, the
request bus 240 bus may include control signals, address
signals, data signals, unique identifiers for each requestor 230
(FIG. 1), and unique 1dentifiers for multiple processors, or
multiple processing threads within a requester 230. Many or
all of these multiple signals may be stored 1n the bank queues
130 so the memory controller 100 can save and track the
necessary information about each memory request while it 1s
pending 1n the memory controller 100.

[0029] The bank decoder 120 processes the recerved

requests 1n the sequence they entered the request queue 110
and the recerved requests are placed 1n one of the bank queues
130 based on, for example, bank and row address informa-
tion. The ordering unit 140 tracks the information 1n the bank
queues 130 and indicates to the memory interface 160 and
timing controller 170 the order in which memory requests
should be taken from the bank queues 130 and which bank
queue 130 should supply the next memory access request. As
will become apparent from the discussion below, the ordering,
unit 140 may include a sequence controller 142 for control-
ling the sequence (e.g., order) of the various memory requests
within the bank queues. The ordering unit 140 may also
include a read-modify-write (RMW) unmit 144 for controlling
RMW cycles. The RMW unit 144 can also be separate from
the ordering unit 140. In this case, the bank decoder 120 can

treat the RMW unit as an internal bank, as can the ordering
unit 140.

[0030] The memory interface 160 and timing controller
170 generate and control memory access requests on the
memory bus 280 with the proper timing and control based on
the type of memory on the memory bus 280. As non-limiting,
examples, under direction from the ordering unit 140, the
memory interface 160 and timing controller 170 may gener-
ate proper commands and bus cycles for pre-charge, activate,

read, write, and refresh bus cycles for DRAMSs on the memory
bus 280.

[0031] The data buffer 150 may be configured as a single
butiler capable of holding write data destined for the memory
subsystem 300, read data returned from the memory sub-
system 300, read-modify-write data, or combinations thereof.
The bank queues 130 may be separated into read queues and
write queues (not shown) to enable easier tracking of writes
relative to reads. This separation can assist in detection of
which memory requests may be reordered, as 1s explained
more fully below. In addition, write data can be placed, along
with the respective memory write request, 1n the bank queues,
and that data can be removed from the data butier 150.

[0032] For write operations, the write data accompanies the
memory request. Write memory requests are removed (1.€.,
de-allocated) from the appropriate hank queues 130 after the
read or write command and associated write data has been

launched on the memory control bus 172 and memory data
bus 175.

[0033] Forread operations, the memory request 102 on the
request bus 240 does not include data. As aresult, space in the
data buffer 150 for the read request does not need to be
allocated at the time the memory request 1s placed 1n a bank
queue 130. Instead, data builer 150 space may be allocated
when the read operation has been launched on the memory
control bus 172 and the read data returns on the memory data
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bus 175. Alternatively, control logic can track the number of
outstanding read requests and prevent further read requests 1f
the read buifer 1s in danger of overtlowing.

[0034] The read memory request may remain pending 1n
the bank queues 130 for a variety of different times depending
on how the memory controller 100 1s configured. As one
example, the bank queues 130 may include all the request
information such as type of memory cycle, originating
requestor 230, originating process thread, and similar infor-
mation that may be needed to return the data to 1t proper
requestor 230. In this example, the data buil

er 150 may sim-
ply include the read data and a tag indicating which entity
made the respective request so data can be correctly returned
on read data bus 104. The ordering unit 140 uses the request
information from the bank queue 130 and the associated data
from the data buffer 150 to return the data to the proper
requester 230 on the request bus 240. After returning the data,
the memory request and associated read data may be removed
(1.e., de-allocated) from the appropriate bank queue 130 and
data butter 150, respectively.

[0035] As another example, at the time a read request 1s
processed on the memory bus 280, the request information
may be transferred to the data butfer 150 such that the request
information 1s 1n the data buffer 150. In this scenario, the
memory request may be removed from the bank queue when
the request 1s processed on the memory bus 280 because all
the information to return the read data to the proper requester
230 1s 1n the data butier 150. The ordering unit 140 uses the
request mformation and the associated data from the data
builer 150 to return the data to the proper requestor 230 on the
request bus 240. After returning the data, the memory request

and associated read data may be removed (i.e., de-allocated)
from the data bufter 150.

[0036] An efficient memory system seeks to keep 1ts data
pins full with usetul data as close to 100% of the time as
possible. To that end and unless stated i1n the discussion
below, memory operations are considered “closed bank”™
operations. In other words, all memory references are pre-
charged at the end of the reference. Even though there may be
additional overhead associated with having to perform more
row address select operations, closed bank operations are
useful because of the randomness of the request streams in
multiprocessor and multi-threaded system environments.
Even 11 a thread 1s making an ordered stream of requests, as
seen by the memory controller 100 and the memory system
there are so many other requests interleaved from other
threads that there 1s little chance that a second request from
the original thread 1s seen before other requests have mvali-
dated the open page that the thread was referencing.

[0037] This closed bank policy 1s different from conven-
tional memory controllers that are generally used in single
processor systems. In those conventional memory controllers
an open bank policy 1s used because 1t 1s very likely that
temporally close accesses from the requestor 230 will be to
the same banks and same pages within those banks.

[0038] However, in some cases, 1t may be advantageous to
recognize accesses 1o a same DRAM page and bypass the
pre-charging operation such that back-to-back operation to
the same page are open bank and can be made more effi-
ciently. To enhance this ability to recognize memory requests
to a same page and leave the bank open for a subsequent
access, 1t may be useful to reorder the memory requests
relative to the recerved order 1n the request queue 110.
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[0039] In a single processor system, a memory controller
can be designed to keep requests in he order that they are
made because the data coming from memory 1s exactly in the
order that the single processor wants them. Maintaining this
order, however, 1s often not efficient for the memory system
(1.e., memory bandwidth may be lost). However, given mul-
tiple cores, and even multiple threads in the same core, there
will be memory system performance 1ssues that may result
from keeping requests in order.

[0040] In general, there are few 1ssues of program correct-
ness resulting from requests being returned in an unordered
way as long as order 1s kept for references to the same
memory address. For the most part, synchronization and
forced-ordering 1instructions are added to processor’s 1nstruc-
tion sets to enable data and program ordering as needed to
coordinate activity between cores and threads 11 the mstruc-
tions do not already exist. Compiler writers and similar low-
level programs thus worry about most ordering 1ssues. It 1s
true that sometimes program synchronization functions are
added mto a system’s memory architecture, as 1s noted below
in the discussion of atomic and byte-enable capability 1n a
memory system.

[0041] Even 1t each core’s, or thread’s, requests must be
kept 1n strict program request order, 1f a memory controller
100 can tell that a request 1s from this or that thread or core
(based on information on the request bus 240), 1t can keep
requests for each program stream in order while allowing
non-conflicting requests (requests from differing cores and
Breads) to go out of order with respect to each other. In
addition, the controller uses this source information to route
read data back to the requesting source or to indicate an error
if that should occur.

[0042] Inthis reordering policy, if an “older” request 1n the
bank queues 130 1s to a busy bank, a request for a bank that 1s
free may be chosen to precede that older request (as long as
the other memory timing and usage rules are followed). This
reordering makes productive use of bus time that may other-
wise be unused.

[0043] In addition, an incoming memory request from the
request queue 110 may be compared against other memory
requests 1n the appropriate bank queue to determine 11 the new
memory request 1s to a same page as one of the other pending
requests. If so, the new memory request may be placed after
that pending request to the same page. In this case, the closed
bank policy may be overridden to allow back-to-back
accesses to the same page.

[0044] Of course with reordering, some requests may be
postponed or moved more that once. Thus, the ordering unit
140 may include a timing unit, or similar mechanism, to
indicate the age of requests 1n the queue and modity an “old”
request to have a higher priority and be executed 1n a timely
mannet.

[0045] It may take multiple memory clocks to turn around
the data bus when switching data directions between read
cycles and write cycles. If the turn around time 1s two clocks,
with each data transfer taking four clocks (assuming bidirec-
tional DDR ftransfers and burst-of-8 data requests for
DR AMSs), then 33% of the peak memory bandwidth may be
lost 1f requests alternate between reads and writes. Thus, 1f
memory reads are grouped together with other memory reads,
and memory writes are grouped together with other memory
writes, the inefficiencies due to bus turn around time can be
reduced.
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[0046] Generally, both read and write type memory access
requests may be reordered. However, the memory controller
100 may implement a policy that write requests only be
rearranged 11 necessary to the extent that the reordered
sequence does not create any addressing contlicts with earlier
received requests or otherwise interfere with the data stored
or to be stored 1n the relevant memory locations due to other
memory access requests in the bank queues 130. Also, refer-
ences to the same program address must be kept 1n program
request order. This request order 1s generally enforced by
soltware 11 between different program entities, butis assumed
to be followed by the memory controller 100 if done by a
single request source (e.g., core or thread).

[0047] As another read versus write policy, it may be useful
to give read groupings priority over write groupings. In other
words, any reads may be assigned priority until something
(e.g., queue full or address contlict) forces a switch to writes.
This read priorty policy may reduce read latency as viewed
from the requesters 230 at the expense of including logic to
verily that a read request 1s not reordered ahead of a write
request to the same address to ensure that the read request gets
the data from the pending write that 1s ahead in the queue.
However, in some embodiments 1f a read 1s performed to an
address with a pending write, the memory controller 100 may
return the write data directly from the appropriate queue so
memory 1s not actually read.

[0048] Processors, or other requestors 230, sometime have
the need to write individual bytes and perform read-modify-
write operations. While 1t might seem that individual small
data quantities are not written very often, these operations
will increase as the number of cores and threads increase
when they are working on common programs. One of the best
ways for multiple threads to communicate 1s to use “atomic™
memory operations such as flags and semaphores stored and
managed as part of the memory system. These flags and

semaphores generally require memory byte-level or word-
level operations to work well.

[0049] Read-modify-write (RMW) 1s an atomic sequence
that reads a value from a memory address, modifies the value
that was read, and then writes the modified value back to the
memory address. A conventional approach to multi-threaded
programming 1s to use RMW locks to synchronize access to
shared resources. Synchronization primitives such as sema-
phores may be used by multi-threaded programs to ensure
that certain sections of code do not execute concurrently 1t
doing so would corrupt memory structures the may be shared
between the sections of code. If one thread attempts to acquire
a lock that 1s already held by another thread, the thread will
block until the lock 1s free.

[0050] Non-blocking algorithms may use atomic read-
modily-write operations such as, for example compare and
swap (CAS). The compare-and-swap CPU instruction (or the
CMPXCHG nstruction in the x86 architecture) 1s a special
instruction that atomically compares the contents of a
memory location to a given value and, 11 they are the same,
modifies the contents of that memory location to a given new
value. CAS may be used to efficiently implement semaphores
in multiprocessor systems.

[0051] Conventionally, support for byte writes and sema-
phores has been done 1n execution logic in the processor or
with logic 1n the processor’s data caches. However, 1n some
systems 1t may be useful to support writing of these small
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operands as individual data items to the final memory desti-
nation (1.e., memory subsystem 30) and not as part of an entire
cache line.

[0052] In addition, many processors use 32-bit and 64-bit
data 1items and those types of items may be written quite often.
But, as a non-limiting example, a typical DRAM protocol and
interface may move 32-byte bursts If only four bytes are need
to be written, individual byte-write-select signals may be
needed. However, in some memory systems, byte enables
may not be available. In these systems, 1t may be necessary to
read 1n, for example, a 32-byte burst that contains the 4-byte
data item. Then, the four data bytes are inserted into the
32-bytes worth of data and the modified 32-byte quantity 1s
then rewritten back to memory. In this example, 64 bytes of
data have been both read and written when four bytes could
have otherwise been sent 11 byte-enable capability existed in
the interface. This movement of unneeded data 1s sustained,
but wasted, memory performance. In general, the width of a
memory access 1s referred to herein as a “data width.” As
non-limiting examples, this data width may be the physical
bit width of the memory bus 280 or the width of a memory
burst cycle. In addition, unless specified herein, RMW opera-
tions will generically refer to the specitic RMW operations as
well as writes to portions of a data width.

[0053] Thus, for RMW operations, the controller 100 may
be configured to manage these partial write operations. In
addition, a data butier in RMW unit 144 may be configured to
hold reserved areas for these RMW operations so that the data
to be read 1s present in the memory controller 100, which may

climinate the need to perform a read operation on the memory
bus 280.

[0054] FIGS. 3, 4, and 5 are simplified flow diagram 1llus-
trating processes for managing reordered memory access
requests and RMW operations according to embodiments of
the disclosure. When describing FIGS. 3, 4, and 5, reference
will also be made to various elements i FIGS. 1 and 2.

[0055] FIG. 3 1s a simplified flow diagram illustrating a
process 300 for reordering memory access requests. At opera-
tion block 302 a new request is recerved. Based upon the bank
address, the request 1s moved to the appropriate bank queue at
operation block 304. Decision block 306 determines 11 the
just recerved request 1s temporally near any previous requests
that are pending 1n the same bank queue and to the same bank
and page as any previous requests that are pending in the same
bank queue. Temporally near, as used herein, defines how
apart in time the requests were recetved at the request queue
110. The requests may be tagged with a time stamp, or have an
age 1n queue attribute attached to them. In this manner,
memory requests that are too far apart 1in time may not be
reordered, or “old” memory requests may be assigned a high
priority such that new requests are not placed in front of the
“old” memory requests. The length of time apart or age 1n

queue may be set as a configuration parameter of the memory
controller 100.

[0056] Iftherequestistothe same bank and page as another
pending request, operation block 308 redefines the memory
cycle order for that bank queue to place the new memory
cycle directly after the other pending request to the same
page. Of course, as stated earlier, a new read cycle should not
be placed ahead of a write cycle to the same address, and a
write cycle should notbe placed ahead of a read or write cycle
to the same address. In addition, there may be pending
requests 1n the bank queue with a high enough priority based
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on age, or preference for read cycles, that the new request
should not be placed ahead of the high priority requests.

[0057] Operation block 310 indicates that the pending
request, for which the new request was placed directly
behind, should be marked as an open-page request. In other
words, for the marked request, the closed bank policy 1s
overridden. Thus, after the request marked as open-page has
been executed on the memory bus 280, the subsequent
memory request 1s known to be to the same page and the two
requests can be performed back-to-back without pre-charg-
ing and performing a row address strobe between them.

[0058] The reordering process 300 may include reordering
for reads versus writes. If the reordering process does not
include reordering reads versus writes, the process returns to
operation block 302, via path 311, to wait for a new memory
request. If the reordering process does include reordering
reads versus writes, the process continues to decision block
313, via path 312. Decision block 313 determines 1f the new
request 1s temporally close to a pending request of the same
type, wherein the type may be a read request or a write
request. If the request 1s not of the same type, the process
returns to operation block 302 to wait for a new memory
request.

[0059] If the request 1s of the same type as a temporally
nearby memory request, operation block 314 redefines the
memory cycle order for that bank queue to place the new
memory cycle directly after the pending memory cycle of the
same type. In this manner, the reorder process 300 may be
used to group read and write cycles together to reduce the
number of data bus turnaround cycle that may be required. In
addition, reads may be given priority over writes to reduce
read latency. Once again, cycles of one type should not be
placed ahead of a different type to the same address. In addi-
tion, there may be pending requests 1n the ba queue with a
high enough priority based on age, or preference for read
cycles, that the new request should not be placed ahead of the
high priority requests. After redefining the order of requests,
the process returns to operation block 302 to wait for a new
memory request. It 1s also possible to separate read and write
requests mto separate queues for each bank.

[0060] FIG. 4 1s a simplified flow diagram illustrating a
memory access process 400 for performing reordered
memory requests on the memory bus 280. At operation block
401 a next memory request 1s retrieved from the appropriate
bank queue. The appropriate bank queue may be determined
by using a round-robin scheme or a prioritized selection
based on bank queue. Alternatively, bank queue selection
may use the policy of not selecting a request from a bank
queue corresponding to a memory bank that 1s busy, as was
discussed earlier.

[0061] Decision block 402 tests for whether the next
memory request 1s a read or write. I the process 1s currently
in a write sequence, operation continues at decision block
454, which 1s explained below. If the process 1s currently 1n a
read sequence, operation continues at decision block 404,
which determines if the request 1s a read and 1f the requested
bank 1s not busy (e.g., being activated or pre-charged). If not,
operation block 406 updates the bank number for the current
read request and cycles to look at the next bank/queue.

[0062] Decision block 408 tests to see 1f the bank for the
current read request 1s open. If the bank 1s not open, operation
block 410 activates the bank. Decision block 412 tests to
determine whether the control logic 1s set so that the bank
should be left open at the conclusion of the current read
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request. IT the bank 1s to remain open, operation block 414
performs the read cycle on the memory bus 280 (FIG. 2). IT
the bank 1s to be closed, operation block 416 performs the
read cycle on the memory bus 280 (FI1G. 2), while indicating,
in the same command, that a precharge 1s needed after the
read operation.

[0063] With the read cycle completed, some embodiments
may 1include a wait decision block 418, which waits until there
1s space 1n the read butier 154 to store the returned read data.
Decision block 420 tests to see 1f the process 1s finished
performing read cycles. The memory controller 100 may be
configured to perform a certain number of back-to-back
reads. This may be determined by a number of factors. As
non-limiting examples, the factors may include the number of
reads waiting 1n the queue, the number of reads waiting to
execute relative to the number of writes waiting, the priority
ol writes waiting to execute, the priority of reads waiting to
execute, and combinations thereof.

[0064] If read cycles are to continue, operation block 406
updates the bank number, 11 needed, for the next read cycle. IT
read cycles are not to continue, operation block 480 switches
the current mode from performing read operations to per-
forming write operations, and operation continues at opera-

tion block 401.

[0065] Returning to the exit from decision block 402, 11 the
process 1s currently in a write sequence, operation continues
at decision block 454, which determines i1 the request 1s a
write and 11 the requested bank 1s not busy. If not, operation
block 456 updates the bank number for the current write
request and cycles to look at the next bank/queue.

[0066] Decision block 458 tests to see 1f the bank for the
current write request 1s open. If the bank 1s not open, opera-
tion block 460 activates the bank. Decision block 462 tests to
determine whether the control logic 1s set so that the bank
should be left open at the conclusion of the current write
request. I the bank 1s to remain open, operation block 464
performs the write cycle on the memory bus 280 (FI1G. 2). IT
the bank 1s to be closed, operation block 466 performs the
write cycle on the memory bus 280 (FIG. 2), while indicating,
in the same command, that a precharge 1s needed after the
write operation.

[0067] Decision block 470 tests to see 1f the process 1s
finished performing write cycles. The memory controller 100
may be configured to perform a certain number of back-to-
back writes. This may be determined by a number of factors.
As non-limiting examples, the factors may include the num-
ber of writes waiting in the queue, the number of reads wait-
ing to execute relative to the number of writes waiting, the
priority of writes waiting to execute, the priority of reads
waiting to execute, and combinations thereof.

[0068] If write cycles are to continue, operation block 456
updates the bank number, 11 needed, for the next write cycle.
If write cycles are not to continue, operation block 480
switches the current mode from performing write operations
to performing read operations, and operation continues at
operation block 401.

[0069] Ifthe memory cycleis not marked as open-page, the
closed bank policy 1s followed and operation block 410 pre-
charges the just accessed page and the process returns to
operation block 402 to retrieve a next memory cycle from the
appropriate bank queue.

[0070] FIG. 5 1s a simplified flow diagram illustrating a
process 500 for performing memory access requests for read-
modity-write operations and partial data width writes, which
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may run somewhat in parallel with the reordering process 300
of FIG. 3. At operation block 502 a new request 1s recerved
from request queue 110 (FIG. 2). Based upon the bank
address, the request 1s moved to the appropriate bank queue at
operation block 504. Decision block 506 determines 1f the
just recerved request 1s a RMW request as 1dentified by spe-
cific signals or commands from the request bus 240. If the
request 1s not a RMW request, control returns to operation
block 502 for the next request. In actuality, RMW process 500
and reordering process 300 run somewhat 1n parallel, so for
non-RMW requests the reordering process 300 of FIG. 3 may
continue at decision block 306.

[0071] Ifthe requestis a RMW request, decision block 508
determines 1 the entire data word for the addressed RMW
location 1s already located 1n a data buifer in RMW unit 144
(F1G. 2). If the entire data word 1s not 1n that data buifer,

operation block 510 performs aread operation on the memory
bus 280 and stores the data word in the data buifer in RMW

unit 144.

[0072] For conventional RMW operations, and not partial
data write operations, operation block 512 returns the RMW
portion of the data word to the requestor 230 1f needed.
Generally, the RMW portion that 1s returned 1s the read por-
tion before the write has occurred. However, the memory
controller 100 may be configured to return the RMW portion
after the write has occurred. In addition, additional informa-
tion may be returned with the RMW portion. As a non-
limiting example, the comparison result of a compare and

swap operation may be returned.
[0073] Operation block 514 writes the RMW portion of the

data word into the RMW data buffer in RMW unit 144. If
desired, operation block 516 writes the entire data word
including the written RMW portion back to memory over the
memory bus 280.

[0074] Decision block 518 tests to see 1f the RMW data
word 1s marked for retention 1n the data buifer 150. As stated
carlier, the RMW data builer may be configured to maintain
multiple RMW data words. In this way, 1t may be possible to
avold memory cycles on the memory bus 280 for RMW
requests. If the data word 1s marked for retention, the process
returns to operation block 502 to wait for the next request. I
the data word 1s not marked for retention, operation block 520

clears the data word from the data buffer 150 to allow space
for additional read or write data.

[0075] The RMW unit 144 may also be configured to
always retain RMW values until space 1s needed for new
RMW requests arriving at the memory controller, which may
avold writing to memory with each new request. If this reten-
tion 1s done, the reordering logic must create a write operation
to memory, 1t needed. Thus, the retention, may allow post-
poning a write for each time a RMW value 1s updated, which
often occurs for RMW values used for communication and
updates between processes (e.g., between different cores,
threads, and combinations thereot).

Conclusion

[0076] FEmbodiments of the present invention may include
systems, memory controllers, and methods for controlling
memory accesses operations. A processing system may
include one or more requestors that perform memory requests
to a plurality of memory devices. Each ol the memory devices
include at least one memory bank. A memory controller
includes a request queue, a bank decoder, and a plurality of
bank queues. The request queue recerves memory requests
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from a requester and the bank decoder determines a destina-
tion bank based on a memory address accompanying the
memory requests. The request 1s then placed in the appropri-
ate bank queue.

[0077] An ordering unit determines 1f the current memory
request can be reordered relative to a received order and
generates a new memory cycle order based on the reordering
determination. The reordering may be based on whether there
are multiple requests to the same memory page within any
given bank queue. The reordering may also be based on
whether there are multiple requests of the same type, such as,
for example, read requests and write requests. A memory
interface executes each memory request 1n the memory cycle
order defined by the ordering unit. The memory cycle order
may be based on requests of the same type, requests to the
same page, or combinations thereof. The ordering unit con-
trols return of read data to the appropriate requestor 1n the
original received order.

[0078] A data builer holds read data that 1s returned from
memory read cycles until the requested data 1s returned to the
requestor. The data buffer may also hold memory words that
may be used in read-modily-write requests from a requestor.
[0079] The ordering unit may also detect and control read-
modify-write operations to a portion of a requested memory
word. I the requested memory word 1s not present in the data
bufler, the ordering unit directs the memory interface to
execute a read of the requested memory word and store 1t 1n a
data buifer. The ordering unit also controls returning the
portion of the requested memory word to the at least one
requester prior to being modified and modifies the portion of
the requested memory word in the data butler with data from
the RMW request.

[0080] Although particular embodiments have been
described, these described embodiments are non-limiting.
Rater, the scope of the mmvention 1s encompassed by the
appended claims and their legal equivalents.

What 1s claimed 1s:
1. A memory controller, comprising:

a bank decoder for determiming a destination bank of a
memory for each memory request of a plurality of
memory requests 1n a received order responsive to a
memory address for each of the memory requests;

a plurality of bank queues, each bank queue for storing
pending memory requests for amemory bank associated
with that bank queue and tracking the received order;

an ordering unit for determining a memory cycle order
different from the recerved order responsive to a pres-
ence of at least two memory requests 1n a same bank
queue and to a same memory page; and

a memory 1nterface for executing each memory request in
the memory cycle order.

2. The memory controller of claim 17 further comprising a
read-modify-write (RMW) unit for:
detecting an RMW request to a portion of a requested
memory word;

if the requested memory word 1s not present 1n the data

butfer, reading 1t from the memory and storing 1t 1n the
data butfer:

modilying the portion of the requested memory word in the
data buffer with data from the RMW request.

3. The memory controller of claim 2, wherein the RMW
unit 1s further configured for retaining the requested memory
word 1n the data buffer for future RMW requests.
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4. The memory controller of claim 1, wherein the ordering
unit 1s further configured for reordering at least two additional
memory requests of the same type to occur sequentially,
wherein the same type 1s selected from the group consisting of
read requests and write requests.

5. The memory controller of claim 1, wherein each bank
queue of the plurality of bank queues comprises a read queue
and a write queue.

6. The memory controller of claim 1, further comprising a
data butifer for holding requested data from the memory until
the requested data 1s to be returned to the at least one
requestor.

7. A memory controller, comprising;

a request queue lor recetving memory requests in a
received order from at least one requester;

a bank decoder for determining a destination bank of a
memory for each memory request 1n the request queue
responsive to a memory address for each of the memory
requests;

a plurality of bank queues for storing pending memory
requests for a memory bank associated with that bank
queue of the plurality and tracking the received order;

a data buifer for holding at least one memory word with a
data width corresponding to a data width of the memory;

a read-modity-write (RMW) unit for detecting an RMW
request to a portion of a requested memory word and
determining if the requested memory word 1s present 1n
the data bufter; and

a memory interface for executing a read request to the
memory responsive to the RMW request stored in one of
the plurality of bank queues to retrieve the requested
memory word 1f 1t 1s not present in the data butter;

wherein the RMW unit controls returning the portion of the
requested memory word to the at least one requestor
prior to being modified and modifies the portion of the
requested memory word 1n the data buifer with data
from the RMW request.

8. The memory controller of claim 7, wherein the RMW
unit 1s further configured for retaining the requested memory
word 1n the data butler for future RMW requests and writing
the memory word to the memory after modifying the memory
word 1n the data builer.

9. The memory controller of claim 7, further comprising an
ordering unit configured for determining a memory cycle
order among temporally near non-executed requests based on
a presence ol at least two memory requests 1n a same bank
queue and to a same memory page, and wherein the memory
interface 1s further configured for executing each memory
request 1n the memory cycle order.

10. The memory controller of claim 9, wherein:

the ordering unit i1s further configured for reordering at
least two additional memory requests of the same type to
occur sequentially, wherein the same type 1s selected
from the group consisting of read requests and write
requests; and

the memory interface 1s further configured for executing
cach memory request in the memory cycle order modi-
fied by the additional memory cycle order.

11. A processing system, comprising:
at least one requestor for performing memory requests;

a plurality of memory devices, each memory device com-
prising at least one memory bank; and
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a memory controller operably coupled to the at least one
requestor and the plurality of memory devices, the
memory controller comprising:

a request queue operable to receive memory requests 1n
a recerved order from the at least one requestor;

a bank decoder adapted to determine a destination bank
of a memory for each memory request in the request
queue 1n accordance with a memory address for each
of the memory requests;

a plurality of bank queues for storing pending memory
requests for a memory bank associated with that bank
queue of the plurality and tracking the recerved order;

an ordering unit adapted to determine a memory cycle
order different from the recerved order by reordering
at least two memory requests ol the same type to occur
sequentially, wherein the same type 1s selected from
the group consisting of read requests and write
requests;

a memory interface for executing each memory request
in the memory cycle order; and

a data bufler for holding requested data from the
memory pending return of the requested data to the at
least one requester;

wherein the ordering unit 1s adapted to return the
requested data to the at least one requestor in the
recerved order.

12. The processing system of claim 11, further comprising

a read-modity-write (RMW ) unait for:

detecting an RMW request to a portion of a requested
memory word;

if the requested memory word 1s not present in the data
butfer, reading 1t from the memory and storing 1t 1n the

data bufter;

modilying the portion of the requested memory word in the
data bufier with data from the RMW request; and

returning the portion of the requested memory word to the
at least one requestor prior to being modified.

13. The processing system of claim 12, wherein the RMW
unit 1s further configured for writing the memory word to the
memory after modifying the memory word in the data butfer.

14. The processing system of claim 11, wherein:

the ordering unit 1s further configured for determining an
additional memory cycle order among temporally near
non-executed requests based on a presence of at least
two memory requests 1n a same bank queue and to a
same memory page; and

the memory interface 1s further configured for executing
cach memory request in the memory cycle order modi-
fied by the additional memory cycle order.

15. A method for controlling memory access operations,
comprising;
receiving a plurality of memory requests 1 a received
sequence;

determining a destination bank of a plurality of memory
banks for each of the plurality of memory requests;

detecting at least two memory requests of the plurality of
memory requests to a same memory page among tem-
porally near non-executed requests in the recerved
sequence by comparing one request of the plurality of
memory requests with at least another request of the
plurality of memory requests;

reordering the recewved sequence in accordance with a
detection result;
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executing the at least two memory requests 1n the rear-
ranged order;

closing each memory page at a conclusion of a memory
access to that memory page, 11 the memory access 1s
executed 1n the received sequence; and

maintaining the same memory page open between the rear-
ranged sequence of requests.

16. The method of claim 15, further comprising;
detecting at least two additional non-executed memory
requests of a same type among temporally near, but not
sequential, non-executed requests 1 the received
sequence, wherein the same type 1s selected from the
group consisting of read requests and write requests; and

rearranging the sequence of requests based on a result of
detecting at least two additional non-executed memory
requests of the same type.

17. The method of claim 15, further comprising:

detecting a read-modity-write operation to a portion of a

memory word, wherein the memory word comprises a
data width corresponding to a data width of the plurality
of memory banks;

determining 1f the memory word 1s present 1n a memory

controller;
reading the memory word into the memory controller from
a memory 1f 1t 1s not present 1n the memory controller;

commumnicating the portion of the memory word to a
requester that initiated the read-modity-write operation;
and

moditying the memory word 1in the memory controller with

the portion of the memory word from the read-modify-
write operation.

18. The method of claim 17, wherein the data width 1s
selected from the group consisting of a memory bus width and
a memory burst cycle data wadth.

19. A method for controlling memory access operations,
comprising;

recewving a plurality of memory requests destined for a

plurality of memory banks in a received sequence;

determining a destination bank of the plurality of memory
banks for each of the plurality of memory requests;

detecting at least two non-executed memory requests of a
same type among temporally near, but not sequential,
non-executed requests 1n the received sequence by com-
paring one request of the plurality of memory requests
with at least another request of the plurality of memory
requests, wherein the same type 1s selected from the
group consisting of read requests and write requests;

reordering the sequence of requests based on the detection
result;

sequentially executing the at least two memory requests of
the same type.

20. The method of claim 19, further comprising:

detecting a read-modify-write operation to a portion of a
memory word, wherein the memory word comprises a
data width corresponding to a data width of the plurality
of memory banks;

determining 1f the memory word 1s present 1n a memory
controller:;

reading the memory word into the memory controller from
a memory 1f 1t 1s not present 1n the memory controller;

commumnicating the portion of the memory word to a
requester that intiated the read-modify-write operation;
and
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modilying the memory word 1n the memory controller with
the portion of the memory word from the read-modify-
write operation.

21. The method of claim 19, further comprising:

detecting at least two additional memory requests to a same
memory page among temporally near non-executed
requests 1n the recerved sequence; and

reordering the sequence of requests based on a result of
detecting at least two additional memory requests to the
same memory page.

22. The method of claim 21, comprising:

executing the at least two additional memory requests in
the rearranged order;

closing each memory page within the plurality of memory
banks at a conclusion of a memory access to that
memory page, 1f the memory access 1s executed 1n the
received sequence; and

maintaining the same memory page open between the rear-
ranged sequence of requests.
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23. The method of claim 19, further comprising:
monitoring an age ol a pending memory request;
increasing a priority of the pending memory request as it
waits to be executed: and
preventing new memory requests from being reordered to
occur before the pending memory request with a high
priority.
24. The method of claim 19, further comprising:
monitoring a busy state of each memory bank in the plu-
rality of the memory banks; and
executing a next memory request to a memory bank that
does not indicate a busy state.
25. The method of claim 19, further comprising assigning,
a higher priority to the read requests relative to the write
requests and executing the read requests ahead of the write
requests when there are no address conflicts between the read
requests and any pending write requests.
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